Abstract-This paper reports link-level Monte Carlo simulations for a system that is compatible with the physical layer of the 5-GHz IEEE 802.11a wireless-local-area network and utilizes an adaptive antenna array at the access point for single-user smart-antenna operation, as well as for space-division multiple access (SDMA). For the spatial indoor radio propagation channel, complex impulse-response recordings are used. These are obtained in wideband channel-sounder measurements in three different buildings at 5.3 GHz. Thus, no unrealistic assumptions about channel conditions are involved. The paper studies how the packet-error-rate performance for downlink (DL) is affected by time evolution of the radio channel that takes place after the uplink operation in which channel estimation is performed, and before DL operation in which the estimated channel information is utilized. Based on simulations two-user SDMA is possible with four-antenna elements under indoor propagation conditions and with six antennas three users can simultaneously be served. Delay spreads, coherence bandwidths, and correlation properties (in space, frequency, and polarization) of the radio channels obtained in the measurements are also discussed. The results suggest that indoor time-division-duplex systems with access-point-controlled scheduling are desirable communication systems which can benefit from SDMA.
I. INTRODUCTION
A DAPTIVE antennas offer several, widely recognized benefits for wireless communication systems [1] . The directivity of the antenna helps to reduce the delay spread of the radio channel and the diversity of the antenna guards against fading. Due to spatial gain, the output powers of mobile terminals (MT) can be decreased which results in longer battery lifetimes. Array antennas also serve to increase the range of the base stations (BSs) 1 by the same access point (AP) can be identified according to their spatial signatures, i.e. spatial characteristics of the radio channel between an MT and an access point (AP). This enables an AP to serve several MTs within the same timeslot (spacedivision multiple-access [SDMA] operation [2] ) and, thus, to increase capacity. Although in practice, one is not fully able to simultaneously benefit from all the above smart-antenna aspects, an optimal combination is the goal. In time-division duplex (TDD) systems, the same carrier frequency is used for uplink (UL) and downlink (DL). This is convenient for smart-antenna solutions since one does not have to make a frequency transformation [3] to the spatial signatures, measured during UL, in order to find the weighting vectors to be used in the DL as in frequency-division duplex (FDD) systems such as GSM. In other words, apart from time evolution of the radio channel, the smart-antenna AP can utilize as much channel information in DL as in UL. In slowly varying radio environments, one would expect coherent reception and transmission schemes to more optimally utilize the spatial domain compared with approaches based on assumption of no channel knowledge in transmission [4] .
Current standards for wireless local-area networks (WLAN) at 5 GHz, such as IEEE 802.11a [5] , ETSI BRAN HIPERLAN/2 [6] , and MMAC WATM/WETH are TDD systems utilizing orthogonal frequency-division multiplexing (OFDM) with 48 data subcarriers and four pilot subcarriers. At the physical (PHY) layer, these standards are harmonized with each other to a large extent; while, at the medium-access control (MAC) layer, there are significant differences. These systems are designed to offer high data rates of up to 54 Mb/s in indoor and near-outdoor environments with stationary and slowly moving mobile terminals. For such applications, smart antennas would be desirable in order to offer the highest data rates to users. This paper focuses on IEEE 802.11a with stationary terminals; however, the results are also relevant for other 5 GHz WLAN systems due to similarities of the PHY layers.
The rest of this paper is organized as follows. Section II discusses the indoor radio-channel measurements that were performed in three different buildings at a carrier frequency of 5.3 GHz. In this section, estimated values for statistical parameters characterizing the propagation environments are presented. Section III describes details of the link simulations. Section IV is devoted to packet-error rate (PER) simulation results. In Section V, conclusions are presented. The Appendix collects the basic mathematical details relevant for single-user smart-antenna operation, as well as for SDMA in an OFDM system. 
II. MEASURED INDOOR RADIO CHANNELS
In order to test the reliability of different channel models (see, for example, [7] and [8] ) in link-level simulations using simulations with channel recordings, wideband measurements of the complex radio channel are required. Such measurements were performed at 5.3 GHz in two office buildings in the Helsinki area and at the Helsinki airport, during office hours, using the channel sounder of Helsinki University of Technology (HUT), Institute of Radio Communications (IRC) [9] . The environment, antenna configuration, settings of the sounder, as well as measurement and data-processing procedures are described in [10] for the first building (Ruoholahti) with a measurement area of about 40 m in diameter. For the other buildings, essentially the same settings and approaches were used.
The second set of measurements were taken in a more conventional office environment (Heikkiläntie) shown in Fig. 1 . The transmitter (TX) positions were selected in most of the offices and in the cubicles (not shown in Fig. 1 ) in the open-space area. Due to the walls of the cubicles, most of the TX positions did not have a clear line-of-sight (LOS) to the receiver (RX). The diameter of the measurement area (approximately 20 m) was smaller than in Ruoholahti.
The third and fourth measurement sites, considered in this paper are parts of the gate area of the international terminal of the Helsinki airport. During the measurements, there were many more people walking than in the previous two sites. Thus, one might expect the radio channel to vary somewhat faster. However, more than half of the TX positions did have a LOS to the RX, perhaps only temporarily blocked by people walking nearby. The fourth site (Airport 2) was in the main hall (high open space with a glass wall on one side toward the landing strips) of the airport with TX positions in a cross separated by approximately 0.5 m from each other. The receiver was located in a balcony of a restaurant approximately 4 m above the floor level. In this setup, there was line of sight from TX to RX and a lot of people walking in the vicinity of the TX. TX locations where both vertical and horizontal polarizations of the patches in two adjacent eight-element rows were used. For the other sites both polarizations were always measured. Fig. 2 shows the mean (averaged over TX positions) subcarrier correlation of the impulse response [11] , as well as spatial envelope correlation coefficient [12] for each site. The subcarrier correlation is first averaged over the antenna elements of the array and the spatial correlation over different pairs of antennas having the same element separation. Since the frequency correlation is relatively short ranged, interleaving the data to the whole frequency band is expected to provide a good protection against fading. The spatial correlation does not noticeably depend on distance above half a wavelength, which is in agreement with the results of [13] and [14] for 10 GHz and 900 MHz, respectively. The mean narrowband [12] polarization correlations (averaged over antennas and TX positions) are summarized in Table I . For each site, the polarization correlation is smaller than the spatial correlation (see also [13] ). Thus, available polarization-diversity gain should be of the same order as spatial-diversity gain. The root mean square (rms) delay spreads are much smaller than the intersymbol guard period which is 800 [5] , [6] . Thus, problematic intersymbol interference is not expected in the receiver. Considering the coherence bandwidth and rms delay spread for each TX position of a site, a relation [11] ( 1) can be tested. Here and are parameters to be estimated. Fig. 3 shows that based on the measurements, (1) seems reasonable when the coherence bandwidth is defined based on the 3-dB width of the frequency-correlation as usual. Least mean square (LMS) estimates for in (1) are shown in Table I . As expected, one observes that the coherence bandwidth is smaller for the sites for which the rms delay spread is larger. It should be noted that the level of correlation, defining the coherence bandwidth, affects the estimate of to some extent. Furthermore, if one plots Fig. 3 using a higher level of correlation to define the coherence band, one obtains a much better linear fit.
A. Channel Properties

III. LINK-LEVEL SIMULATIONS
A link-level simulator was implemented in MATLAB following the PHY-layer specification of the IEEE 802.11a standard [5] . For the results of this paper, the short symbols [5] in the packet preamble were not implemented. The timing and frequency-offset estimations were based on symbols alone. By using the symbols alone, good conclusions can still be made about the gain achieved with smart antennas. In the simulations, relatively modest frequency offsets were used (up to 10 kHz). In order to simulate higher frequency offsets, correction algorithms using symbols would need to be introduced. It is important to note that the residual frequency error that remains in the received signal after correction has more effect on the higher modulations. Moreover, this frequency error is lowered by averaging over the spatial domain when more than one antenna is in use.
The channel estimates obtained from the training symbols at every subcarrier, are used for the payload-data symbols. The four pilots in the payload data [5] , [6] are only used to update the frequency-offset estimation. This is reasonable, as there are only a few pilots with a separation larger than the coherence bandwidth of the channel.
For each simulated burst, a bit sequence (512 bits) was selected at random. The bits were coded, punctured, interleaved, and modulated to form a time-domain transmitter signal together with the training sequence. The transmitter signal was then convolved with the impulse responses (IRs) of the radio channel corresponding to the different AP antenna elements. An interfering signal (in simulations) was constructed in the same manner (using a different channel) and added to the desired-user signal together with white Gaussian noise to form a received signal. The position of the training symbols of the interfering signal with respect to those of the desired-user signal was randomized since the different APs are not synchronized. The channel and the original bit sequence of the desired user were estimated from the received signal to calculate the PER. To simulate DL performance in a later frame, the interfering content of the signal was changed and a time-evolved version (later measurement) of the desired-user channel was convolved with a new transmitter signal. The channel estimate was not updated but left to reflect the earlier UL version of the desired-user channel. Furthermore, the SA weighting was taken directly from the receiver to the transmitter subroutine prior to transmission across the channel. Since the DL interferer is unknown to the AP and generally not the same as in UL, nulling cannot be used in DL. In UL, nulling according to (9) is shown to provide a gain of about 1-2 dB for array sizes up to eight antennas. However, a strong interferer can in some cases manifest itself in the desired-user channel estimate even after nulling. In such a situation, DL can perform better than UL since the same interferer is not present in DL (see Fig. 5 ).
For SDMA, the channel estimation is done during UL such that the corresponding MTs are served one at the time. The SDMA operation takes place in a later frame using the earlier channel estimates. Thus, the channels, even in the UL, are not trained during SDMA as opposed to [2] . For the relatively stationary channels that are considered, this is advantageous for short time intervals since interpolation in frequency is avoided. Furthermore, this mode of operation can more easily be fitted to the existing WLAN standards since MTs always transmit the same training signal.
In UL, the frequency offset is estimated separately for each of the antenna-branch-specific signals. Assuming synchronized antenna branches, frequency-offset correction can be performed by averaging the estimates. In DL, the same offset is generated on all antenna-specific signals before channel propagation, but the offset is estimated only once from the summed signal at the MT side. It appears that the variance of the coarse frequency-offset estimate actually becomes smaller for the DL. In particular, the distribution of the UL estimator seems to have long tails unlike the DL that cannot be removed by further frequency-domain correction. This phenomenon can explain some of the results showing better performance for DL than for UL (see Fig. 5 ).
The timing-offset estimation can be done separately for all antennas in UL but not in DL. For UL reception, it is best to correct the timing-offsets independently for each antenna. On the other hand, the DL weight calculation during UL burst achieves better results on signals with timing-offset corrections that are equal for all antennas. This is easy to understand since different timing-offset corrections for different antennas in DL weight calculation results in phase error.
STA-AP links were the only links measured. A STA-STA link which is thought to cause the primary interference in DL is taken from the measured STA-AP links for one of the AP antenna elements. This is a reasonable approach since the neighborhoods of STA and AP are similar unlike for outdoor systems such as GSM.
IV. SIMULATION RESULTS
In what follows, the results for single-user smart-antenna operation and for SDMA using the channel recordings described earlier are presented. Different values for the UL-DL time separation are considered using one, two, four, and eight elements in the AP antenna array. The total transmitted power is kept the same for all array sizes. In this paper, mainly uniform linear arrays having half-a-wavelength element separation and vertical polarization (same as used in MT) are considered. Analysis is restricted to the coderate 3/4 of binary phase-shift keying (BPSK), quaternary phase-shift keying (QPSK), 16 quadrature amplitude modulation (QAM), and 64 QAM modulations corresponding to datarates of 9, 18, 36, and 54 Mb/s, respectively. The other coderates specified in the standard for these modulations are not considered here. For each or value about 2300 independent bursts (independent transmissions of 512-bit packets) were simulated. For PER levels above 1% this has been tested to yield essentially the same results as larger numbers of bursts. The simulations were run on a unix workstation where one SDMA burst with antennas took about seconds for the 16 QAM modulation. Out of the recorded channels for each TX position, the 2300 to be used in simulations (all TX positions, having a dynamic range more than 6 dB in the measurement, are used) were randomly selected. For single-user simulations nulling is utilized according to (9) with and have set a noise level to dB.
A. Single-User Results for UL and DL
Simulation results for single-user smart-antenna operation with measurements from Ruoholahti are shown in Figs. 4 and 5 against noise and interference, respectively. One observes that the smart-antenna gain is higher for the higher modulations and that the performance difference for different modulations decreases for increasing number of antennas . Thus, for larger , it becomes easier to switch to using a higher modulation in a link and, consequently, to increase the datarate. This is understandable since although the signal strengths in different antennas do not differ significantly in the time domain (differences of only few decibels are seen), in the frequency domain, there are large differences (up to tens of decibels) in signal strength between antennas around an arbitrarily selected subcarrier (frequency-selective fading). This increases the maximum achievable maximum-ratio gain [15] for the higher modulations for which interleaving leaves the data more local in the frequency domain. The change in slope of the PER curve for eight antennas at dB with 16 QAM and at dB with 64 QAM is due to the matrix inversion of the nulling in (9) being improperly regularized with a small value of , such as , for a weak interferer. It is important to note that the results are not susceptible to time evolution of the radio channel. This is also true for Heikkiläntie as shown in Fig. 6 (left) for 16 QAM modulation against noise with and ms for UL (solid) and DL (dashed). For the airport site where there was much more movement in the environment aging effects are stronger. This is illustrated in Fig. 6 (right) . One observes, for example, that for four antennas the difference in noise results between ms and ms is about 2 dB at PER 10%.
1) Different Smart-Antenna Algorithms:
The single-user results obtained above for the frequency-domain combining scheme of Appendix A are now compared with three time-domain approaches that use the same weight vector for all the subcarriers. First, the Wiener-optimum [16] solution is considered. Second, out of a set of predefined beam patterns that can be generated with a Buttler matrix, the one is selected that gives the best signal-to-noise ratio (SNR) or C/I ratio after combining. Third, the combining is done with the generalized eigenvector of the matrix pair that corresponds to the largest generalized eigenvector of the same pair [17] . Here, and are the spatial correlation matrices of the desired user and interference, respectively. The matrix can be substituted with the identity matrix if one only wants to fight against noise in the absence of interference or in order to use the same weight vector in DL, where the interference situation is different. This corresponds to time-domain maximum-ratio combining [15] . The comparison between Ruoholahti and Heikkiläntie is shown in Fig. 7 . Here, the modulation is 16 QAM and four antennas are considered. It should be noted that the time-domain results for different algorithms are within 2 dB. In Ruoholahti, where the coherence bandwidth is smaller, the difference in performance between the frequency-domain approach and the time-domain algorithms is larger than for Heikkiläntie. The airport behavior is close to that of Heikkiläntie. For lower modulations, the difference in time-domain and frequency-domain results is smaller. This is, again, because for lower modulations the frequency-selective fading effects are less significant.
2) Polarization Diversity: As shown in Table I and Fig. 2 , correlation of orthogonal polarizations in a single patch element is smaller than correlation of the same polarizations in spatially separated antennas. One would expect polarization diversity to perform as good as spatial diversity in maximum-ratio combining, at least for single-user operation. However, the measurements were performed such that the TX antenna was vertically polarized and the RX polarizations were vertical and horizontal. Consequently, if the radio channel does not redistribute enough energy between polarizations, the horizontally polarized RX signal remains weaker than its vertically polarized counterpart and, thus, SNR is lower in horizontally polarized recep- tions. For Ruoholahti an average of 2.9 dB difference in signal strengths of vertical (same as transmitted) and horizontal polarizations can be seen. For Heikkiläntie, Airport and Airport 2, on the other hand, even higher values of 4.9, 4.4, and 3.8 dB, respectively, were obtained. These values are of the same order as those reported for 900 MHz in [14] . For this reason, if the noise level is tuned according to the vertical polarization, the PER performance of 16 QAM in Ruoholahti with four vertically polarized antennas is about 2 dB better than in the case, where half of the diversity branches use horizontal polarization. On the other hand, if the transmitted polarization varies the situation is different since the power ratio of the received polarizations changes. Fig. 8 shows results for two-user DL SDMA in Ruoholahti with two, four, and eight antennas. The SDMA users and interferers are randomly selected among the measurements with no regard to the fact that some pairs are more easily separable in SDMA operation than others. The same values for the UL-DL time separation are considered as above in Figs. 4 and 5 for single-user operation. It should be noted that for ms, the effects of aging of the channel estimates become apparent, unlike the case for single-user operation. This is due to the nulling which causes SDMA to be more easily affected by errors in channel estimates than maximizing the power to the desired user in single-user operation. Increasing the number of antennas or lowering the modulation decreases the aging effects. Differences between Ruoholahti and the other sites are similar to the ones for single-user operation. For example, the results in Heikkiläntie are close to those obtained for Ruoholahti while for Airport the aging effects are far more pronounced. In Fig. 8 , contrary to [2] , there is a high error floor with small time separations when the number of antennas is the same as the number of simultaneous users. However, for the Heikkiläntie channels which have a smaller delay spread, the PER falls with for the whole range of values that is considered. The three-user DL SDMA performance for Ruoholahti is illustrated in Fig. 9 against noise and interference for 16 QAM modulation with ms using four, five, six, and eight antennas. The interference result with is almost equal to the curve with two users in Fig. 8 .
B. DL SDMA Results
V. DISCUSSION AND CONCLUSION
Link simulations were performed for smart antennas in a 5 GHz WLAN, such as IEEE 802.11a or HIPERLAN/2 with measured spatial indoor channels. This provides a more accurate model of radio propagation compared with the limited number of indoor channel models derived from the literature which include angle-of-arrival information. Link simulations with measured channels also allow one to make a comparison to channel models with respect to PER performance level.
First results of such a comparison with the model of [8] were presented in [10] showing good agreement. A more detailed comparison is currently being done. In addition time evolution of the radio channel is readily addressed through the channel measurements which is important for simulations considering DL beamforming and SDMA operation.
Radio channels were measured in three separate buildings with very different environments during office hours when normal walking traffic is present. Differences between the environments are clearly shown in the statistical channel properties such as delay spreads and coherence bandwidth estimated based on the measurements, and simulation results with varying UL-DL time separations. In this paper it is shown that frequency-domain coherent combining works well for a wide range of indoor channel conditions and for high datarates. The smart-antenna gain is shown to be larger for the higher datarate modulations decreasing the performance difference between different modulations with a constant array size. This makes switching to higher datarates easier.
In terms of receiver processing, coherent combining is the most efficient way to utilize spatial diversity from a performance point of view. For the transmitter processing, the central issue is whether the transmitter has knowledge of the radio channel. In TDD systems, the transmitter has such knowledge provided that the radio channel has not changed significantly from reception to transmission for a given station. Under such circumstances, the gain of coherent transmission approaches that of coherent reception. In FDD systems, this can also be the case if the propagation environment is simple enough. The results suggest that for the 5-GHz WLANs with stationary terminals the radio channel is stable enough over fairly long times ms for successful single-user UL and DL operation. However, in order to use SDMA, more frequent channel estimation is needed. In addition, in order to utilize SDMA operation, one has to cope with the problems arising from the acknowledgment and carrier-sense mechanisms of IEEE 802.11a or consider other systems of more centrally controlled scheduling such as HIPERLAN/2. The single-user operation can be implemented in APs without changing the standards. However, in order to use coherent transmission in DL based on UL channel estimates, an array-calibration system has to be implemented. One solution for this is described in [18] .
APPENDIX A SINGLE-USER SMART-ANTENNA OPERATION
Consider a MT with a single antenna and an AP using an array of antenna elements (same as in [2] ) as illustrated in Fig. 10 , where all the variables are shown in frequency domain. The same antenna arrangement also applies here for SDMA. In Fig. 10 (top) (UL), MT sends a symbol at the th subcarrier of the th OFDM symbol of the current data packet. The transmitted signal propagates through the frequency-dependent radio channel to the th AP antenna. After digital time-domain operations, such as timing-and frequency-offset corrections (not shown) and Fourier transformation (FFT), the received frequency-domain signals , at antenna , subcarrier and OFDM symbol , are combined with the frequency-dependent antenna weights (spatial signature), , to form a combined signal (2) Here, superscript denotes transpose and complex conjugation. The combined signal (2) is then subject to further frequency-domain and bit-domain processing, such as equalization, demodulation, deinterleaving, depuncturing, and decoding (Viterbi algorithm).
In DL [ Fig. 10 (bottom) ], the signal transmitted from AP to MT is weighted for the different antennas using weights , that are obtained based on a former UL period
These may, however, not be the same weights as above for UL. With interferers and noise, one has for UL [ Fig. 10 (top) ] (4) where is the sum of all interfering signals at antenna element and is noise. The desired-user radio channel is estimated based on the two consecutive, equal, and full (all subcarriers carrying known reference data) OFDM training symbols ( symbols in [5] ) that precede each data packet . One can, for example, determine a channel estimate by minimizing (5) separately for each subcarrier and antenna element. 2 Straightforward derivation of (5) with respect to yields (6) where the sum is over the training symbols. The frequencydomain maximum-ratio [15] weighting vector is now , which is applicable both for UL (2) and DL (3).
A. Nulling
One can construct a residual representing the interfering content in the received signal (7) For UL, one can thus, further suppress interferences using the spatial covariance matrix (SCM) of the residual:
, where , as well as with a corresponding SCM of the received signal [17] , [20] . Here, superscript denotes hermitian transpose (complex conjugate transpose). Nulling is done here separately for each subcarrier (8) 2 A first-order channel-estimation approach is adopted [19] assuming that the channel is independent for different AP antennas, as well as for different subcarriers. It is also assumed that the radio channel does not change during the data packet. Thus, there is no OFDM-symbol index p in H [k] 
where is a unit matrix and the diagonal load factor [20] should be small (in simulations, and has been used). In (8) one can, for example, take , , average over or use an average of the inverse matrices calculated for both training symbols. In simulations the best nulling performance has been found by averaging the spatial covariance matrix of the residual over frequency separately for both received training symbols, calculating the inverses according to (8) , and finally, averaging over the training symbols (9) The frequency averaging in (9) reduces the condition number of the resulting covariance matrix making it invertible even with . However, a nonzero is still needed here.
APPENDIX B SDMA OPERATION
For SDMA, it is necessary to modify the weight vectors of different users, applicable in the single-user smart-antenna operation of Appendix A, for example as [2] , [21] (10) where matrix has the original spatial signatures of different simultaneously served users as columns, , contains the modified weights and superscript denotes pseudoinverse. The above SDMA approach gives practically the same results as the MMSE-OFDM/SDMA of [2] .
